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+ The Standard Model Higgs
Boson

m Interaction of particles with
Higgs field generate their
masses

m Scalar boson associated with
field: Higgs boson (H)

m 2012: discovery of the Higgs
boson with mass ~125 GeV

- Knowledge of m, &
assuming SM couplings fixes
all predictions for interactions
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+ Our Tools to Study Higgs Bosons

CMS
Detector

Large Hadron Collider:
pp collisions at Vs=13 TeV

~1 in 109 collisions
produce Higgs boson

Detector

ATLAS and CMS: multi-purpose detectors
LHC Run-2 operation generated large data sets > ~107 (SM) Higgs bosons

- SM Higgs physics transitioned to precision measurement era
- Large amount of opportunities to search for beyond SM effects
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+ Higgs Production at LHC and
Decay Channels

other, e.g. yy

Z/Z
CC

TT

g9
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0 1 2 3 4 5 1020 304050 H decay channel
: : . branching ratios in %
H production cross sections in pb

Probed SM production channels: ggF, VBF, ZH, WH, ttH,
Probed SM decays: yy, ZZ, WW, t1, bb,

Legend: observed,
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+ Higgs Boson Measurements

(Precision measurements )
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Full list of public ATLAS and CMS Higgs results:
ATLAS Higgs results, CMS Higgs results
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG

H>ZZ* and H>yy Candidate
20 - Events

Event: 1914311665

mass/= 121 .9 Gev 7 2017-11-03 00:50:49 CEST

CMS
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-025/
https://cds.cern.ch/record/2736135?ln=en

...more details in D. Du’s talk on Tue.

- 7
T Higgs Mass Measurements I.

H>ZZ*>4el4u/2e2u and H->yy:
fully reconstructed final states with very good energy
resolution and well modelled background

ATLAS H->ZZ full Run-2: mg = 124.92 + 0.19(stat.) T 00 (syst.) GeV
CMS H>ZZ+yy Run-1 + 2016 data: muz = 125.38 +0.14 GeV

ATLAS-CONF-2020-005 CMS HIG-19-004 35.9 fo (13 TeV)
> __||| T T ] — T 1 T ] |__ %16000——‘IIIIIIIIllII‘lIllllIlllllll_‘llllllll‘l—_
o 180F aTLAS Preliminary _®_ > i & T All categories -

L H 77 s 4] Higgs (125 GeV) ] ~ 14000 S/(S+B) weighted 3
v 160 T Vs 4 . ) — 2] ]
o] F Vs=13TeV, 139 b o VW 1 £ 12000 ¢ Data 3
@ 140 B Zijets, 3 o F — S+B it ]
4GC_'.) C % % Uncertainty 7] - 10000 =« L. B component —
i 2 8000 (Al E
=2 - [+2 0 ]
O 6000~
=
oo 40001~
+
¢ 2000
%2 0:|||
600E ' ' ' B component subtracted ]

~40000 10120 130 140 150 160 170 180
Elisabeth Schopf, DIS2021 myy (GeV) 12.04.2021


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-005/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
https://indico.bnl.gov/event/9726/contributions/46356/

...more details in S.Hirose's talk on Tue.

+ Evidence for H->uu Decays ?MS I'

BR(H->uu)=0.02% and large amount of background
Measurement performed in all major H production channels
- most sensitive for 2"d generation fermion couplings
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CMS: u=1.197035(stat.) "o 1a(syst.)  Observed significance: 3.0 o

ATLAS: = 1.2+ 0.6 Observed significance: 2.0 o
Phys. Lett. B 812 (2021) 135980
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https://link.springer.com/article/10.1007%2FJHEP01%282021%29148
https://www.sciencedirect.com/science/article/pii/S0370269320307838?via%3Dihub
https://indico.bnl.gov/event/9726/contributions/46355/

...more details in S.Hirose's talk on Tue.

+ Evidence for H-> /¢y Decays

= v =eeorm ¥ ATLAS

Targets m,,< 30 GeV (BR~10-°): dominated by y*> ¢¢
complements H->Zy measurements (CMs, ATLAS)
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Observed significance: 3.2 o | . [GoV]
arxiv:2103.10322
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https://arxiv.org/abs/1806.05996
https://arxiv.org/abs/2005.05382
https://arxiv.org/abs/2103.10322
https://indico.bnl.gov/event/9726/contributions/46355/

H-uuy Candidate Event

Run: 331951
Event: 334662243

EXPERIMENT 2017-08-08 19:24:59 CEST

m,,=0.6 GeV
m,,, = 124.9 GeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-43/

...more details in D. Du’s talk on Tue.

+

Ratio to NNLOPS

Differential Distributions
H>ZZ*>4el4u/2e2u:

I

Measurements of H kinematics probes higher order cross
section corrections and potential beyond SM contributions
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Start probing 2D differential:
e.g. pr(H) vs. pr(jet)
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differential distributions are also probed in the H-> yy (ATLAS) and H>WW channel (CMS)
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https://link.springer.com/article/10.1140/epjc/s10052-020-8223-0?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20201015
https://arxiv.org/abs/2103.04956
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-029/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-002/index.html
https://indico.bnl.gov/event/9726/contributions/46356/

...more details in B. Ciungu’s talk on Tue.

+ Simplified Template Cross b
Sections (STXS)

Quasi-differential cross section measurements

H production phase space split into bins of H kinematics
- 0"BR templates parametrise expected SM signal yields per bin
- Reinterpretation within anomalous couplings, e.g. EFT, frameworks
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
https://indico.bnl.gov/event/9726/contributions/46354/

...more details in B. Ciungu’s talk on Tue.
SM prediction 13
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/
https://indico.bnl.gov/event/9726/contributions/46354/

.more details in B. Ciungu’s talk on Tue.
SM prediction 13
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/
https://indico.bnl.gov/event/9726/contributions/46354/

...more details in D. Du’s talk on Tue.
...more details in M. Lizzo’s talk on Tue.

H-oWW Measurements

Large BR (~20%) but final state can'’t be fully reconstructed
due to missing E; from v in W decays

- Improved analysis techniques (e.g. DNNs): increasing precision
and start probing VH
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https://indico.bnl.gov/event/9726/contributions/46359/
https://indico.bnl.gov/event/9726/contributions/46356/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/

...more details in D. Du’s talk on Tue.
...more details in M. Lizzo’s talk on Tue.

H-oWW Measurements

Large BR (~20%) but final state can'’t be fully reconstructed
due to missing E; from v in W decays

- Improved analysis techniques (e.g. DNNs): increasing precision
and start probing VH
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...more details in V. Krisishnan’s talk on Tue.
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H->o 1t Measurements

CMS

I

Challenge: reconstruction of T decays due to v in final states

and jets being mis-identified as T=>hadrons decays

Run-2 data set enables STXS measurements in ggF and VBF
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CMS
T H->17 Measurements |

Challenge: reconstruction of T decays due to v in final states
and jets being mis-identified as T—>hadrons decays

Run-2 data set enables STXS measurements in ggF and VBF
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H->1t decays sensitive to CP structure of H
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+ Higgs Candidate Events in Final

States with Jets
/,
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...more details in S.Hirose's talk on Tue.

- H->bb Measurements 5ATLAS I

EXPERIMENT

Highest SM BR (~60%) but massive amount of background
events due to abundance of jet final states in pp-collisions
VH(bb): largest sensitivity due to background suppression in

V->leptons channels
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- H->bb Measurements 5ATLAS I

EXPERIMENT

Highest SM BR (~60%) but massive amount of background
events due to abundance of jet final states in pp-collisions
VH(bb): largest sensitivity due to background suppression in

V->leptons channels

3 s550f 3
S i ATLAS 3
3 500} (s=13TeV, 126 6" 3
& 4503— H — bb _f
= Forward 3
sanf- b - Eur. Phys. J. ¢ 81 (2021) 178 VH(bb) STXS
3501 — =% = 3
3005_;2321 5 _; -..'E. E ATLAS VH, H — bb, V — leptons cross-sections E
2502__5;ﬁ250nam E o5 . ~ {s=13 TeV, 139 fb" ® Observed ==Tot. unc. Stat.unc. |
200:_ 7 Backlground+si9nal uncenlainly | | = m 1 0 = == Expected DTheo. unc. —=
¥ b 4 VH(bb) ~ x & . -
ch, owﬁ%g40:_‘14‘T‘L'A\S"‘|"w'w'_‘.‘_lo;t;w'”l”'\'_: Eﬁ - V=W , v=Z7 =
§ —50? t ‘g 355_ Vs =13 TeV, 139 b I VH,H > bb (1=1.17) 102 L : —
8 700 120 140 160 B g Z:;"::F’zt‘;’_'; S D:ﬁ:f; :ncertainty i X E ; T E
VBF H bb a 30;_ Diie:mayssan;ysis _; b— — —_ 1 _ ]
L‘Dh 25:_ Weighted by Higgs S/B E __ﬁ_ : * _
iV 3 ¢ Background 10 & ' - _
arxiv:2011.08280 £ o0t 4 E SN . - E
2 subtracted = ' S W
s 1% E - .
> 10~ = s -
& o E o 15 - T - - -
e > e 1—F : | . .
5 O 2 .8 1 < | = -
= O T P T P P S T 5 05 +
o 40 60 80 100 120 140 160 180 200 o L
w
7 JolZ; 7 7 2
o 50<er,<2 e G‘e|/5T thv 750 = rZ’[<25r <50 Gel
%0 Gel Gely 0 el

VBF H(bb)  WH(bb) ZH(bb)  Opserved
290 400 2.3 0 significances  Elisabeth Schopf, DIS2021


https://arxiv.org/abs/2011.08280
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-08677-2
https://indico.bnl.gov/event/9726/contributions/46355/

Events / 7 GeV

Data — Bkg

...more details in S.Hirose's talk on Tue.

+ H->bb at High p- [~

Unique opportunity to probe extreme p due to large BR
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https://link.springer.com/article/10.1007%2FJHEP12%282020%29085
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-010/
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https://indico.bnl.gov/event/9726/contributions/46355/

...more details in S.Hirose's talk on Tue.

+ Higgs-Top Couplings |

ttH production probes H Yukawa couplings at high masses
Challenge: small cross sections, many final state particles and
background processes with large theory uncertainties

Multi-lepton final states

CMS 137 b (13 TeV)
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2 Zi ttH in multi-lepton final states (H>WW,

i H->t7, H>ZZ) measurement (CMS):
arxiv:2011.03652 4.70 observed significance
peer = 0.92 £ 0.19(stat.)f8:}§(syst.)

Elisabeth Schopf, DIS2021 12.04.2021
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+ Higgs-Top Couplings

| "

ttH production probes H Yukawa couplings at high masses
Challenge: small cross sections, many final state particles and
background processes with large theory uncertainties

Multi-lepton final states
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Higgs-Top Couplings

| "

ttH production probes H Yukawa couplings at high masses
Challenge: small cross sections, many final state particles and
background processes with large theory uncertainties

Multi-lepton final states
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ATLAS-CONF-2020-058

Phys. Rev. Lett. 125. 061802 (2020)

ttH in multi-lepton final states (H=>WW,
H->tt, H>ZZ) measurement (CMS):
4.70 observed significance

peer = 0.92 £ 0.19(stat.)f8:}§(syst.)
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+ Di-Higgs Production I.

Direct access to Higgs self-coupling strength (4), which
probes shape of the Higgs potential

Small SM cross sections - Reaches full potential at HL-LHC
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Events /1 GeV

HH->yybb Measurements

Channel with (current) highest sensitivity to SM HH production
- Large improvements in sensitivity for full Run-2 analysis
using machine learning
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...more details in L. D’Eramo’s talk on Thu.

¥ HH-yybb Measurements [~

Channel with (current) highest sensitivity to SM HH production
- Large improvements in sensitivity for full Run-2 analysis
using machine learning
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...more details in J. Carter’s talk on Wed.

+ Heavy Higgs (H/A) Searches I

heavy H'ggs < Targeting decays to pairs of vector
XD bosons and/or (B)SM Higgs bosons as

part of extended H sector

additional Higgs (mh<mH)

% H->hh,>trbb
CMS Preliminary 137 b (13 TeV)
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95% CL exclusion limits range:
from 0*BR<125 fb (low mass)
to 0*BR<2.7 fb (high mass) Elisabeth Schopf, DIS2021 12.04.2021
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heavy H'ggs < Targeting decays to pairs of vector

XD - bosons and/or (B)SM Higgs bosons as
part of extended H sector

additional Higgs (mh<mH) ’

A>ZH->££bbl£fWW
%Héhhsénbb § R
. _ 2107 ATLAS ~-Data

CMS Preliminary 137 b (13 TeV)

108 E- ¥5=13TeV, 13910 ;2—(’;“: "btt’)l)
> 7// Constraints on masses 10 e caocey Mz o
g_chSO Wlthln NMSSM Lﬁ 104 gluon-gluon fusion produced A E::Ip quark %
€ [ Observed 108 - Wjets, yv, Vh S
% 300~ Expected ] Uncertainty S
g I 68% expected N
= sl  95% expected 3 o
[e)) = m+m, >my, o ®)
= F ) o =
L AN x
200 %) @
T
150
o 1.5F
o) E
100 ‘I— o
% 400 500 600 700 800
400 450 500 550 600 650 700 )
Heavy mass m, (GeV) My [GEV]
0 ian limi : 95% CL exclusion limits range:
95% CL exclusion limits range: 0 > ge.
from o*BR<125 fb (low mass) from 0*BR<380 fb (low mass)

to 0*BR<2.7 fb (high mass) Elisabeth Schopf, DIS2021 to 0*BR<6.2 fb (high mass)


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-014/index.html
https://arxiv.org/abs/2011.05639
https://indico.bnl.gov/event/9726/contributions/46367/

...more details in J. Carter’s talk on Wed.

+

Heaw Charged Higgs
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Charged Higgs Boson as part of
extended Higgs sector predicted
in several BSM models

Searches span singly and doubly charged
Higgs bosons - recent ATLAS search

also probes pair production of charged H:
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...more details in A. Leopold’s talk on Wed.

+ Exotic Higgs Decays ¥AILAS |
Target new undiscovered particles that couple to SM Higgs
H->aa—->bbuu (a=spin 0)
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95% CL Limit on BR(H = aa = XXYY)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-008/
https://indico.bnl.gov/event/9726/contributions/46353/

...more details in A. Leopold’s talk on Wed.

+ Exotic Higgs Decays GATLAS |

Target new undiscovered particles that couple to SM Higgs

H->aa—->bbuu (a=spin 0)

10
o8

= T
o & [ ATLAS Preliminary |
S b _|
o o | ¥s=13TeV, 1391b observed 95% CL upper limit
1
& ? 06— — — expected 95% CL upper limit |
of = [ imit ¢+ 1 ]
N 5 05— - expected limit (+ o) |
[LI expected limit (+ 20) 7
zZ 0.4 —
o) 3.30 (local) l
@) 03 —
s 1.70 (global) )
< 02 |
|:l _
< 0.1
o~ . %y by
20 25 30 35 40 45 50 55 60
m, [GeV]
March 2021
ATLAS Preliminary —8— Observed
my;=20GeV, cT,«1mm - Expected
s 1o
__JHEP 06 (201’8} 166 ! 20
Vs=13TeV, 36.1fb~!
bb, upr |l
ATLAS-CONF-2021-009
Vs =13TeV, 139 fb~1
YY: YY [ i
EPJC 76 (2016) 210
Vs =8TeV, 203 fb™1
YY: 99| !
__PLB 782 (2018) 750 —
Vs=13TeV, 36.7 fb~
Invisible
ATLAS-CONF-2020-052 =]
v5=7,8,13TeV, 4.7,20.3,139 fb~
UM, TT} _
PRD 92 (2015) 052002
Vs =8TeV, 20.3 fb~1
bb, bb| e
JHEP 10 (2018) 031
V§=13TeV, 36.1fb1

107 105 10~% 10~3 1072 10! 10°
95% CL Limit on BR(H = aa = XXYY)

ATL-PHYS-PUB-2021-008
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H = Dark v H
Matter %
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q
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Ln£ 0.9 %Ti';sre':/r,e:?';]b%ry — Observed
~ 08 (s=8Tev, 203! - EXpected
S 4 ls=13TeV, 139" 3o
E
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[
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S
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@ 0.2
0.1 —_—
0 | | | |
ttH VBF Combined Combined Combined

Run 2 Run2 Run?2 Run 1 Run 1+2
ATLAS: ATLAS-CONF-2020-052

BR(H->invisible) < 11% at 95% CL

CMS ZH(invisible) Run-2:
BR(H->invisible) < 25% at 95% CL

Eur. Phys. J. C 81 (2021) 13 12.04.2021



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-052/
https://link.springer.com/article/10.1140%2Fepjc%2Fs10052-020-08739-5
https://indico.bnl.gov/event/9726/contributions/46353/

* Summary |

m LHC Run-2: excellent data-sets for Higgs boson physics in
ATLAS and CMS

m Unprecedented precision
= Measurement of Higgs mass/CP, differential distributions/STXS
= Evidence for rare decays
m Pushing limits on SM HH

m Vast programme of BSM searches in the Higgs sector
m (so far) Everything consistent with SM

= \We expect much more data to come during LHC Run-3
and HL-LHC operations - Stay tuned!

Elisabeth Schopf, DIS2021 12.04.2021



Thank you for your attention!

For more details and exciting LHC Higgs results at DIS2021
check out the talks referenced in the various slides as well as:

Where do we go from here? -
“Future Physics Prospects with the CMS Detector at the High-Luminosity LHC”— CONOR HENDERSON
“Prospects for Higgs and di-Higgs measurements at the ATLAS experiment”— ALESSANDRA BETTI
“Higgs physics at the LHeC and the FCC-eh” — UTA KLEIN
“Prospects for Higgs Physics at the HL-LHC” - CORRINNE MILLS

12.04.2021 Elisabeth Schopf, DIS2021
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Higgs Boson Mass

Measurement broken down into
each analysis channel

CMS H>ZZ+yy Run-1 + 2016 data

CMS

2016:35.9 fb' (13 TeV)

Run 1:5.1 fo'' (7 TeV) + 19.7 fo' (8 TeV)

== Total Stat. Only

Total (Stat. Only)

Run 1 Hoyy —— 124.70 + 0.34 (+ 0.31) GeV
Run 1 H— ZZ— 4l —_— 125.59 + 0.46 ( = 0.42) GeV
Run 1 Combined —— 125.07 £ 0.28 ( + 0.26) GeV
| 20i6 H-yy H——r ‘1 25.78 £0.26 (£ 0.18) GeV
2016 H— ZZ— 4l —— 125.26 +0.21 (+0.19) GeV
2016 Combined l—- 125.46 £ 0.16 (+ 0.13) GeV
| Ruﬁ 1+2016 -!- 125.38 £ 0.14 (£ 0.11) GeV
o v b b b b e b P
122 123 125 127 128 129

Elisabeth Schopf, DIS2021

m,, (GeV)

HIG-19-004

ATLAS-CONF-2020-005

arxiv:1806.00242

4u

2e2u

2u2e

] 30

ATLAS H>ZZ full Run-2

ATLAS Pre|lmlnafy —#— Observed: Stat+Sys
%
H— ZZ* — 4] 1 [m] Observed: Sys-Only
Vs=13TeV, 139 fo’
m,, [GeV]
— e 124.80 ‘75 (Stat) 7% (Sys.)
—a— 124.95 070 (Stat) 7% (Sys.)

+0.46

+0.07
_n_[_.g_ 125.34 7 (Stat) (Sys)

4e Fa3 124.59 *>7! (Stat. ) +0.10 o (SYs)
Combined o 124.92 7,7 (Stat) 777 (Sys)
P E N B B R L
124 125 1 26 1 27
my, [GeV]
ATLAS H->ZZ+yy Run-1 + 201 6 data
ATLAS T Total - Stat. only
Run 1 Vs = 7-8 TeV, 25 fb”, Run 2: {s = 13 TeV, 36.1 fb' Total  (Stat. only)
Run 1 H—4[ —_ 12451+ 0.52 ( £0.52) GeV
Run1H-yy | H———e— 126.02£0.51 (+0.43) GeV
Run 2 H—4/  —— 124.79 +0.37 (£ 0.36) GeV
Run 2 H—yy -—ol—- 124.93 +0.40 (+0.21) GeV
| Runte2 Ho4 = 12471+ 030 (+0.30) GeV
Run 1+2 Hyy ——e—— 125.32 +0.35 (+ 0.19) GeV
| Run1Combined ~  4—e—u 12538 +0.41 (£037) GeV
Run 2 Combined —_—— 124.86 +0.27 (£ 0.18) GeV
Runie2Combined e T 12497 024 (£0.16) GeV
| ATLAS+CMSRun1 .*T.—. """""""""""""" 1 éé"o"g" £024(£021)GeV
L L I B L Co L

1 | 1 1 | 1 1 1
123 124 125 126 127 128


http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-005/
https://arxiv.org/abs/1806.00242

Higgs Boson Mass:
Uncertainties

HIG-19-004
ATLAS-CONF-2020-005

ATLAS H->ZZ full Run-2

Systematic Uncertainty Impact (GeV)

Muon momentum scale +0.08,-0.06
Electron energy scale +0.02
Muon momentum resolution +0.01
Muon sagitta bias correction +0.01

CMS H->ZZ+yy Run-1 + 2016 data

Source Contribution (GeV)
Electron energy scale and resolution corrections 0.10
Residual pt dependence of the photon energy scale 0.11
Modelling of the material budget 0.03
Nonuniformity of the light collection 0.11
Total systematic uncertainty 0.18
Statistical uncertainty 0.18
Total uncertainty 0.26

Elisabeth Schopf, DIS2021 12.04.2021


http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-005/

+ CP Structure ‘I

tH/ttH(yy): mixing angles >43° excluded at 95% CL (ATLAS)
H->7t: mixing angle =4+£36° at 95% CL (CMS)

CMS i HIG-20-006 NB: data dominated by background events!
(/)(]‘:, g024 LU e B L e B e e e
e ©0.22
s W 0.2 ATLAS
38'}3 Vs =13 TeV, 139 b’
(@] .
;(_30'14 ® Data
0‘\‘ Lto_12 —— SMttH + tH
i 0.1 mmmm a=90° Kk =11ttH + tH
0.08
0.06
0.04
0.02
\Irn+ . 0 !
. T 0" P01 02 03 04 05 06 07 08 09 1
: arxiv:2004.04545 Hadronic CP Discriminant

Decay planes in Tt>pions decays

Purely CP-odd H already excluded but admixtures still possible
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-006/index.html
https://arxiv.org/abs/2004.04545

+

arxiv:2007.07830

arxiv:2009.04363

H-o uu additional information

CMS ggF Categorlzatlon BDT

137 fb (13 TeV)

g [T TTT T TTT
S10°k CMS \ZIDY
S 108 Il Topquark [ Zji-EW
S [ Diboson [ Other bkg.
; 107 — VBF
c — Other sig.
S 10° . o
>
W 105

104

10°

102

10

Data/Bkg.

02 04 06 0.8
ggH BDT output

Similar BDTs used in VH and ttH

CMS sensitivity per channel

Machine learning
categorization used in
ATLAS as well

Production category

Observed (expected) signif.

Observed (expected) UL on

VBF
ggl
ttH
VH

Combined /s = 13 TeV
Combined /s =7, 8, 13 TeV

2.40 (1.77)
0.99 (1.56)
1.20 (0.54)
2.02 (0.42)
2.95 (2.46)
2.98 (2.48)

2.57 (1.22)
1.77 (1.28)
6.48 (4.20)
10.8 (5.13)
1.94 (0.82)
1.93 (0.81)

Elisabeth Schopf, DIS2021

Events / GeV

|

ATLAS PSR recovery

T H-ow

! I
g |- ATLAS Simulation

[ Vs=13TeV, 139 b’

6 — Only events with FSR (5% of all)

[] Before recovery_|
B After recovery

| | | | 1 11 I |

4 Mean: 118.6 GeV
i Mean: 126.1 GeV
3 RMS: 4.7 GeV
2r RMS: 4.3 GeV
O L 75 P g
110 120 130 140 150 160
Muuey) [GeV]

ATLAS results per channel

ATLAS

e Total Stat.

VH and ttH categories

ggF 0-jet categories —@—

ggF 1-jet categories

ggF 2-jet categories o

| T T T X | T T T T
Vs=13TeV, 139 fb"

[ Syst. | SM

—== 5

-0.

o | 2.

-0.

0 +35 (33, £1.1)

| T T T T |
H — pp

Total Stat. Syst.

4 £16 (£15, £0.3)
4 +12 (£12, £0.3)

6 12 (£1.2, £0.3)

VBF categories I|—E—| 1.8 £1.0 ( £1.0, £0.2)

Combined HH 12 £06 (£06, 07

| 1 I 1 | | 1 1 1 | | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
-10 -5 0 5 10 15 20

Signal strength


https://arxiv.org/abs/2009.04363
https://arxiv.org/abs/2007.07830

-
H->{/y additional information

Multivariate discriminator to distinguish

merged y—>ee from single electrons and jets

using shower shape, track, kinematic

information as well as information from the

transition radiation tracker

Selection efficiency for merged
y—>ee candidates

> 0.9 L B B B
g [ ATLAS 0<|7"1<0.8
5 08F (s=13Tev, 139" . =
© a M R
c 0'7: % .
i N ]
© 0.6¢ .
g ¥ EE ]
® 0.5:— .
: ——

= 0.4F 7]
& g ]
3 0.3;— +- Data Z—lly,r__ <160mm ‘
% 0 21_—A— + MC Z—lily,r <160mm E
> T - MC H—yy—eey, jAn_| <0.003

2030 40 50 60 70 80 90 100
pzorpz [GeV]
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arxiv:2103.10322

Result per analysis channel
U B 7 R '

T T I | — T
ee resolved channels —A— ATLAS
: _ 1
ee merged channels  —=e—— (s=13TeV, 139fb
; -e- Total unc.
uu channels S m= Syst. only
VBF-enriched channels i —
High-p_ channels | ——
Low-p_, channels ——
ee channels —HIH——
uu channels (| —
|_.|—>I,Y ’.Y%.ZZ'Y. gIIOb.aI flt L | L : | L L L | L L L | L
—4 -2 0 2 4 6
oxB/(6xB)gy,
12.04.2021


https://arxiv.org/abs/2103.10322

+

H->cc Searches
Searches with partial Run-2 data

(2015+2016)

Target VH production

Challenge: ID c-jets

ATLAS c-jet tagging efﬁmency

ATLAS Slmulatlon

Light-jet rejection

\{_ _ 13 TeV tt = c efficiency 41%

c efficiency 30%
' c efficiency 20%
+ 41% efficiency WP | —

3 4567810
b-jet rejection

ATLAS 95% CL limits:

—0.5
0. 45
0.4

c-jet efficiency

0. 35
0.3
0.25
0.2
0.15
0.1

arxiv:1802.04329

o(pp=2>ZH)*BR(ZH->¥#cc) < 110 SM expectation

Elisabeth Schopf, DIS2021

100

CMS Simulation

2016 (13 TeV)

Light-flavour or gluon jet efficiency
>

2
10102

oL
Exp.=79xSM
Obs.=83xSM

1L
Exp.=72xSM
Obs.=110xSM

2L
Exp.=57xSM
Obs.=93xSM

Combination
Exp.=37xSM
Obs.=70xSM

| DeepCSV

CMS results
CMS

—
o

c jet efficiency

35

o
©

: VH(H - cc)

Working Point

101 ' 100
b jet efficiency

CMS c-jet tagging efficiency

arxiv:1912.01662

35.9fb" (13 TeV)
' pp— VH(H-> c0)

ZH->vvce

WH-=>Ivce

ZH~->lIcc

= Observed
----- Median expected
[ 68% expected
[] 95% expected

L

50 700 150 200
95% CL upper limit on

VH(H—cT)
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https://arxiv.org/abs/1802.04329
https://arxiv.org/abs/1912.01662

i < 200 GeV

= 0jets

= ljet

> 2jets

mjj < 350 GeV

Categories
EETEE
=]

> 2jets

my; > 350 GeV

pil < 200 GeV

|

pp — H

V(lep) H
—| Hoy, plV < 75GeV |
| Hev, 75 < p¥ < 150 GeV |
qq — Hlv |
—| Hiv, 150 < pl < 250 GeV |
—| Hiv, p¥ > 250 GeV |

Categorisation for STXS
measurements in various Higgs
production channels

Elisabeth Schopf, DIS2021 12.04.2021
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(0B)obs [fb]

10°

102

Ratio to SM

o

nNow

Differential
Distributions

additional

information

arxiv:2103.04956

arxiv:2004.03969

CMS

Higgs boson kinematic-related variables

37

T, [Y40] Transverse momentum and rapidity of the four-lepton system
Myg, May Invariant mass of the leading and subleading lepton pair
| cos 67| Magnitude of the cosine of the decay angle of the leading lepton pair in

cosf, cosfy

the four-lepton rest frame relative to the beam axis
Production angles of the anti-leptons from the two Z bosons, where the
angle is relative to the Z vector.

i |A77jj|7 A¢jj

b, P1 Two azimuthal angles between the three planes constructed from the
Z bosons and leptons in the Higgs boson rest frame.
Jet-related variables
Nigts: N(}fets Jet and b-jet multiplicity
pleads it frub ead- jet | Transverse momentum of the leading and subleading jet, for events with

at least one and two jets, respectively. Here, the leading jet refers to the
jet with the highest p in the event, while subleading refers to the jet
with the second-highest pr.

Invariant mass, difference in pseudorapidity, and signed difference in ¢
of the leading and subleading jets for events with at least two jets

Higgs boson and jet-related variables

473
b7y My

4035
P Magjj

Transverse momentum and invariant mass of the four-lepton system and
leading jet, for events with at least one jet

Transverse momentum and invariant mass of the four-lepton system and
leading and subleading jets, for events with at least two jets

137 fb~' (13 TeV)

T

T T
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SM prediction

611138
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https://arxiv.org/abs/2004.03969
https://arxiv.org/abs/2103.04956

Li m its HIG-19-005

CMS: Combination and EFT ‘I

EFT coupling modifier limits

35.9-137 fo'! (13 TeV)

CM,S, —— Observed t1c | u combined +1c
Preliminary p,,, = 90% '
Y - . E .
“ 1 T e S SN L B S i Conm
bl i~ — : —
T ] + i —i—
2457553 : '
bb : Tor + 3
" | osizemesz]: ' '
0 05 1 15 2 25 0 1 2 0o 1 2 3 4 5 0o 1 2 383 4 5 -05005115225
ggH VBF WH ZH ttH
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35.9-137 fb”' (13 TeV)

C M S ® Observed O Observed (other ¢ = 0)
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Preliminary — sz +20 (other ¢, = 0)
Py = 89%
———e-
— ——
—- -
——
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Parameter value
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-19-005/index.html

¥ ATLAS: EFT Combination
Eigenvectors ATLAS.CONF-2020.053

Building combinations of coupling coefficients (eigenvectors) to

constrain multiple operators at once
A ATLAS Preliminary /5 =13TeV, 139 fb!

299310 070 -0.23 0.39 -0.04 -0.02 u 0.02 -0.02 '
121830 -0.47 -0.15 0.26 -0.03 -0.83 -0.03 0.8
1960 . 0.10 0.03 -0.03 0.09 -0.05 0.02 0.02 0.6
38 -0.11 0.09 0.15 0.02 —o.zs.—o.41 -0.02 -0.02 -0.06 0.04 0.08 002 0.03 0.4
19 0.0 -0.19 0.06 0.03 -0.02 -0.07 009 -0.13 0.10 0.02 -069 0.17 0.03 0.03 022 o.os‘o.sz«‘ 0.5 -008 0.03 002 0238 0.07 006 02
10 0.08 -0.57 -0.34 -0.02 -0.02 0.08 -0.10 0.13 -0.13@»0.40 -0.04 0.02 0.04 -0.02 0.02 -0.20 -0.08

5.9 -0.07 -0.23. 0.03 -0.02 -0.03 -0.02 0.08 0.10 -0.15 044 -0.25 0.13 0.08 0.09 002 0.22 0.06 0.10 -0.07 -0.11 0
1.1 0.01 -0.02 0.08 20,02 0.02 0.04 -0.02 -001 002 008 -0.03 0.03 -0.68 -0.29 -0.03 -0.04 -0.24 -0.04 -0.52 -0.01 -0.15 -0.10 -0.03 -0.02 -0.25 0.04 —0.2
0.3 -0.02 -0.41 0.09 -0.70 -0.02 -0.01 -0.12 0.01 -0.03 -0.36 0.16 037 0.10 0.05 0.03 0.06 0.06 -0.11 -0.01 —0.4
0.16 0.09 -0.09 0.09 -0.04 -0.01 -0.04 010 031 029 -0.58 -0.26 -0.12 0.07 0.02 -0.04 0.08 0.27 -052 -0.02 0.01 —0.6
0.036 0.03 003 007 -0.01 004 0.19 -0.04 0.03 0.09 -0.06 -0.18 -0.07 0.01 -0.16 022 -0.01 0.01 -0.01 -0.10 -0.09 —0.02.—0.01 -0.02 -0.56 0.09 -0.02 _0s
0.023 -0.01 0.37 -0.01 -0.01 -0.03 -0.02 0.03 0.05 0.03 0.01 -0.05 0.03 -0.91 0.08 0.02 -0.02 0.03 0.09

&1

Ny D
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ATLAS Preliminary /s=13TeV, 139fb!

(3)
CHq -

[1]
CHW,HB,HWB,HDD,uW,uB
o

HW ,HB,HWB,HDD,uW,uB

3]
CLW, HB HWB, HDD,uW,uB 0.5 -0.08 0.06 0.03 0.07

1
C}-!l Hd,Hq" 0.26 -0.87 0.42

M 0.62
HIM,He B
[
Chio i
[1]
CHG B ublop 0.03

-0.03

G o® o W ® P e e A I IR T

O

-0.84 -0.27 0.47 -0.05 -0.02

0.19 -0.96 -0.2 0.02

[2]
CHG,uG,uMH top -0.18 -0.04 -0.03 -0.23 -0.05 -0.54 -0.01 -0.15 0.06 -0.04 -0.02 -0.24
3]

CHG,uG,uH,top -0.03

0.29 0.03 0.04 0.25 D.OSHD.M 0.16 0.1 0.03 0.02 0.26
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-053/

0
-0.5
-1
5 1
E):._
o 05
8
< 0
-0.5
-1

ATLAS: EFT Combination

O ggH Ovgr Oyn it BR

ATLAS-CONF-2020-053
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¥ HSOWW additional information

CMS VH(WW) CMS ZH multivariate discriminant
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+ VH and VBF H->bb additional
information

VBF Hbb categorlzatlon ANN output

ATLAS VH(bb) impact of uncertainties

. Ty

Source of uncertainty VH | WH 7H
Total 0.177 | 0.260 0.240
Statistical 0.115 | 0.182 0.171
Systematic 0.134 | 0.18 0.168
Statistical uncertainties
Data statistical 0.108 | 0.171 0.157
tt ep control region 0.014 | 0.003 0.026
Floating normalisations 0.034 | 0.061 0.045
Experimental uncertainties
Jets 0.043 | 0.050 0.057
ET™ 0.015 | 0.045 0.013
Leptons 0.004 | 0.015 0.005

b-jets 0.045 | 0.025 0.064
b-tagging c-jets 0.035 | 0.068 0.010

light-flavour jets 0.009 | 0.004 0.014
Pile-up 0.003 | 0.002 0.007
Luminosity 0.016 | 0.016 0.016
Theoretical and modelling uncertainties
Signal 0.072 | 0.060 0.107
Z + jets 0.032 | 0.013 0.059
W + jets 0.040 | 0.079 0.009
tt 0.021 | 0.046 0.029
Single top quark 0.019 | 0.048 0.015
Diboson 0.033 | 0.033 0.039
Multi-jet 0.005 | 0.017 0.005
MC statistical 0.031 | 0.055 0.038
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CMS ggF signal strength in pTH bins
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+ ttH additional information

arxiv:2011.03652 ATLAS-CONF-2020-058
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L
Summary of SM HH Searches

CMS arxiv:1811.09689

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

bbtt

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
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I 68% expected
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~ Updated:
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New analysis added for VBF production «
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~ 7.7*SM expectation
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Updated: 4.1*SM expectation «——— H#- b

ATLAS-CONF-2021-016

HH— W'WW'W

HH— W'Wyy

Updated: 40*SM expectation <+ Hrsobw'w

arxiv:1908.06765

Elisabeth Schopf, DIS2021
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+ Lepton Flavour Violating
Decays and ee channel

Lepton flavour violating decays
my = 125 GeV hic20009
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t Charged Higgs Bosons limits
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